
Chapter 3

esu ts an d j iscussion



CONTENTS
• Pa<j£_

3.0 RESULTS AND DISCUSSION 65

Part 1 Batch Process 65

3.1 Phase Diagram 65

3.2 Copolymerization of MMA-BA In microemulsion media 69

3.2.1 Initiator type and concentration 69

3.2.2 Temperature 70

3.2.3 Cosurfactant concentration 70

3.2.4 Monomer concentration 71

3.2.5 Time 71

3.3 Kinetics of Polymerization of MMA, BA and MMA-BA in 78

emulsion and microemulslon media

3.3.1 Effect of Temperature* 80

3.3.2 Effect of Initiator concentration 89

3.3.3 Effect of Monomer concentration 98

3.4 Reactivity Ratio 105

3.5 Number of Polymer particles 109

3.6 Characterization 110

3.6.1 IR Studies 110

3.6.2 NMR Studies 114

3.6.3 Particle size and Particle size distribution 125

3.6.4 GPC analysis 135

3.6.5 Thermal analysis 137

3.6.6 Viscosity studies 141



Part II Semicontinuous Process 150

3.7 Semicontinuous Microemulsion Copolymerization 150

using Dowfax 2A-1

3.7.1 Optimization of Reaction conditions 150

3.7.2 Characterization 160

3.8 Semicontinuous Microemulsion Copolymerization 180

using Sodium dodecyl sulphate

Part III Applications 183

3.9 Applications

3.10 Microemulsion Properties 184

3.11 Film Properties 187

3.12 Paints 187

3.12.1 What is Paint? 189

3.12.2 Acrylic emulsions 189

3.12.3 Paint manufacturing process 190

3.13 Characterization of Paints 191

3.13.1 Viscosity 191

3.13.2 Colour Intensity 194

3.13.3 Stain Resistance • 194

3.13.4 Scrub Resistance 194

References 199



icroemulsion
PolqmeriY

■^•bck P recess



The microemulsions under present study were transparent, isotropic and 

thermodynamically stable. The polymerized microemulsions were stable but 

translucent due to the increase in the size of the dispersed phase.

3.1 Phase diagram

The composition of microemulsion was selected from the partial phase diagram of 

sodium dodecyl sulphate/water/oil, constructed at 27°C. The oil used was methyl 

methacrylate, butyl acrylate and 1:1 (w/w) mixture of methyl methacrylate and 

butyl acrylate. The partial phase diagrams show the boundaries between 

respective emulsions (turbid) and o/w microemulsions (clear) in Figure 3.1.a, 3.1.b 

and 3.1.c. The clear and turbid boundaries were established from systematic 

titrations as described in section 2.4. tines A and B were drawn arbitrarily from 

fixed weight ratios of water and oil at 19.0 and 7.0 directed to the apex of SDS 

respectively. The systems at 27°C changed progressively from turbid emulsions in 

region E to transparent fluid microemulsions in region M, to viscous mixtures and 

finally to the liquid crystalline region L as SDS concentration increased gradually 

along line A and line B. The dotted curve represents the ill defined phase 

boundary between a turbid emulsion and clear microemulsion. On comparison of 

the data from phase diagrams it is observed that with line A the amount of SDS at 

the boundaries between emulsion and microemulsion goes on increasing for MMA 

to MMA-BA to BA. The lower concentration of SDS required to solubilize MMA is due 

to its higher solubility in water which is 1.6 gm/100 gm of water while for BA, it is 

0.2 gm/100 gm of water.

Similar nature for the phase diagram, was observed for water / MMA/(DTAB/DDAB 

3:1) by Bieger et at1. A partial phase diagram of DTAB/styrene/water at 25°C with
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SDS

MMA
Fig. 31- a Phase diagram of MMA-water-SDS at 27 °C
E, emulsion region; M, microemulsion region; L, liquid 
crystalline region ;
• Emulsion and microemulsion compositions used for 

polymerization
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SDS

BA
Fig. 3 • I * b Phase diagram of BA-water-SDS at 27 °C 
E, emulsion region *, M, microemulsicn region*, L, liquid 
crystalline region \
• Emulsion and microemulsion compositions used for 

polymerization
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SDS

MMA-BA

Fig. 3-l-C Phase diagram of MMA-BA (1:1 w/w)-water- 
SDS at 27 #C
E,emulsion region; M, microemulsion region; L,liquid 
crystalline region ;

• Emulsion and Microemulsion compositions used for 
polymerization
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viscous regions and ill defined boundaries due to high surfactant concentration 

was reported by Perez-Luna et al2.

The microemulsion and emulsion at positions shown in Figures 3.1.a,b and c with 

compositions : Water 76.1%, SDS 14.0% and oil 9.9% (microemuision) and water 

87.7%, SDS 0.9% and oil 11.4% (emulsion) were extensively studied for the 

polymerization process and the properties of the polymers synthesized.

3.2 Copolymerization of MMA-BA in microemuision medium

The reaction parameters such as type and concentration of initiator, temperature, 

cosurfactant, monomer concentration and time were optimized with respect to 

percentage conversion and particle size using the microemulsions containing, 

water 76.1%, SDS 14.0% and MMA-BA (1:1 w/w) 9.9%. The results obtained are 

discussed here.

3.2.1 Initiator type and concentration

Figures 3.2. a and b show the effect of variation in concentration of water soluble 

initiators : potassium persulphate (KPS) and ammonium persulphate (APS) and oil 

soluble initiators : azo bis isobutyronitrile (AIBN) and benzoyl peroxide (BPO) on 

percentage conversion at 80°C and reaction time 120 minutes. The percentage 

conversion was maximum (90 %) at 1.25 mM concentration of both potassium 

persulphate and ammonium persulphate. The intrinsic viscosity and average 

particle size for the copolymers synthesized using KPS and APS were 1.14 di/g and 

1.31 dl/g and 15.63 nm and 20.43 nm respectively. At 0.7 mM concentration of 

AIBN, 80 % conversion was achieved while at 1.25 mM concentration of BPO, 94 %
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conversion was achieved (Fig. 3,2.b) at 80°C. The intrinsic viscosities for the 

copolymers synthesized using AIBN and BPO was 1.35 and 1.52 di/g respectively, 

it was observed that BPO gives polymers with higher viscosity average molecular 

weights.

3.2.2 Temperature

Optimization of temperature for higher % conversion and lower particle size was 

done by selecting KPS and BPO as water soluble and oil soluble initiators and 

performing the polymerization of the microemulsions of compositions mentioned 

in section 3.2 at various temperatures for 120 minutes reaction time. The results 

are illustrated in Figure 3.3. It was observed that both the initiators show 

maximum efficiency at 80°C.

3.2.3 Cosurfactant concentration

As mentioned in section 2.6.3 until 1990 it was believed that cosurfactant is 

necessary for the microemulsion formation. Generally alcohols are reported to 

act as cosurfactants. Hence we have tried to examine the effect of cosurfactant 

pentanol on % conversion during polymerization. Figure 3.4 shows the variation in 

percentage conversion with respect to cosurfactant pentanol concentration in the 

microemulsion composition: Water 76.7 %, monomer 10,0 % and SDS 13.3 % at 

80°C using 1.25 mM KPS and 120 minutes reaction time. Decrease in percentage 

conversion was observed with Increase in pentanol concentration. Increased 

particle size and decreased intrinsic viscosity for the copolymers synthesized using 

0.83 % pentanol was observed when compared with the copolymers synthesized 

from compositions without containing pentanol (Table 3.8). The pentanol replaces

70



some of the Ionic surfactant molecules and hence reducing the droplet-droplet 

repulsive forces. This results In ease of coalescence and thus particle size 

increases. The particles formed, on using pentanol, were not of uniform and 

regular shape (Figure 3.25d). The decrease in |ti| may be due to the Increased 

chain transfer termination.

3.2.4 Monomer concentration

Figure 3.5 shows the % conversion with respect to effective monomer 

concentration. Reaction duration was 120 minutes. The effective monomer 

concentration was considered as 100 x [monomer]/[monomer] + [surfactant] which 

also can be expressed as monomer : surfactant ratio in the systems. It was 

observed that as the monomer concentration increases the percentage conversion 

increases. Above 42% effective monomer concentration microemulsion 

composition changes to emulsion due to increased ratio of monomer ; surfactant.

3.2.5 Time

The results obtained in the study of effect of reaction time on percentage 

conversion are illustrated in Figure 3.6. The maximum rate of polymerization was 

observed at 44% conversion (1.48 x 10‘3 moles/l/sec). The Intrinsic viscosities and 

average particle sizes for the copolymers synthesized using 1.25 mM KPS at 80°C 

and 41.4% monomer concentration are given in Table 3.11. With increase In 

time, % conversion increases attaining 87% conversion within 30 minutes. The 

particle size and intrinsic viscosity increase with reaction time and particle size 

levels off at around 15.6 nm when maximum percentage conversion is achieved.

71



100

01----------------1----------------1----------------1--------------- *—
0 0-5 10 1-5 20
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Fig. 3*2a, Effect of initiator concentration on MMA-BA 
copolymerization at 80^, time 120 minutes,© KPS and 
a APS
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Fig.3-2b Effect of initiator concentration on MMA-BA 
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Fig. 3-3 Effect of temperature on % conversion for 
MMA-BA copolymerization, initiator concentration l*25mM,

time 120 minutes,® KPS and»BPO
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20-

% Pentanol cone, (w/w)

Fig. 3*4 Effect of cosurfactant concentration on
O

% conversion at 1-25 mM KPS concentration, 80 C 
and 120 minutes reaction time
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20 30
Time

Fig. 3-6 Effect of time on % conversion of MMA-BA 
at 80 C, 1-25 mM KPS and monomer concentration 
41-4 % (MMA-BA III w/w)
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3.3 Kinetics of polymerization of MMA, MMA-BA and BA in emulsion and 

microemulsion medium

Kinetics of polymerization in the emulsion and microemulsion medium was studied 

at various temperatures, using different concentrations of potassium persulphate 

and effective monomer concentration of methyl methacrylate, butyl acrylate and 

1:1 w/w mixture of methyl methacrylate and butyl acrylate. The results obtained 

are given as % conversion vs time plots and log Rp vs % conversion in Figures 3,7 

to 3.16.

It was observed that rate of polymerization in microemulsion was slower tlfen in 

emulsion. Similar observation was made earlier by other workers for methyl 

methacrylate3 and butyl acrylate4, in the present study of polymerization in 

microemulsion medium within 20 minutes polymerization attains its maximum, 

around 90% conversion. The highest rate of polymerization was observed at 

relatively high conversions, -40%, in microemulsion whereas in emulsion 

polymerization it was observed at 26% conversion. The polymerization rate vs % 

conversion plots show two distinct regions for microemulsion polymerization 

(Figures 3.7.b to 3.16.b). Interval I is considered to be the nucleation stage, 

which is characterized by the increase in the rate of polymerization due to 

increase in number of polymerization locii with time. In interval III the 

polymerization rate decreases due to decreased monomer concentration in the 

monomer swollen polymer particles. Similar two rate intervals were observed for 

microemulsion polymerization of Styrene and MMA by Guo et al8 and Gan et al6. 

However, emulsion polymerization exhibits three regions. The additional region 

interval II observed (in log Rp vs % conversion plots) is assigned to the steady state 

polymerization due to nucleated polymer particles growing by diffusion of
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monomer from monomer droplets acting as reservoirs. Due to relatively high 

solubility of MMA. considerable amount (1.6 gm/100 gm water) of it remains 

dissolved in the aqueous phase. Hence homogeneous nucleation should be 

important both in emulsion and microemulsion polymerization of MMA. Due to 

very small amount of surfactant, number of monomer swollen micelles are less in 

emulsion than the number of monomer droplets stabilized by surfactant in 

microemulsion. Hence, the amount of MMA in monomer swollen micelles as well 

as in aqueous phase of emulsion will be comparable. However, large amount of 

MMA will remain in monomer droplets acting as reservoirs, in emulsions. Whereas 

in case of microemulsions, monomer is mainly present as surfactant stabilized 

droplets, which act as monomer swollen micelles and not as monomer reservoirs. 

Hence, there will be a large difference in the concentration of MMA in surfactant 

stabilized monomer droplets and MMA in aqueous phase. The difference results 

into free radicals generated from KPS in emulsion, reacting with MMA through 

usual micellar nucleation as well as through homogeneous nucleation mechanism. 

On the other hand, in microemulsion initiation takes place mainly at the monomer 

droplets which act as monomer swollen micelles. Our NMR, thermal and 

viscometric results7 also support the proposed mechanism of predominant 

nucleation in monomer droplets in o/w microemulsion and will be discussed In 

sections 3.6.2, 3.6.6 and 3.6.6.

As solubility of butyl acrylate in water (0.2 gm/100 gm of water) is low compared 

to that of MMA, homogeneous nucleation will not be significant both in emulsiojn 

and microemulsion polymerization of butyl acrylate. Thus in emulsion, micellar 

nucleation is expected while in microemulsion it is in the surfactant stabilized 

monomer droplets.
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In the case of copolymerization of MMA-BA, contribution due to homogeneous 

nucleation will be less significant in emulsion than that in homopolymerization of 

methyl methacrylate as the solubility of MMA-BA (1:1 w/w) will be less than that of 

MMA but more than that of butyl acrylate. In the microemulsion medium it will be 

mainly in the surfactant stabilized monomer droplets.

3.3.1 Effect of temperature

The effect of temperature on polymerization was studied by initiating the 

polymerization in microemulsion and emulsion media using 0.5 mM potassium 

persulphate (KPS) at different temperatures (70°C, 80°C and 90°C). The % 

conversion vs time and log Rp vs % conversion plots are given in figures 3.7 - 3.9 

for methyl methacrylate, butyl acrylate and 1:1 w/w mixture of methyl 

methacrylate and butyl acrylate. From Figures 3.7.b, 3.8.b and 3.9.b it is 

observed that in all the cases polymerization rate increases with Increase in 

temperature. Three distinct intervals for the emulsion polymerization and two for 

microemulsion polymerization were also observed in these studies as discussed 

earlier. Table 3.1 shows maximum rate of polymerization and the % conversion at 

which it is achieved for microemulsion polymerization. From the results obtained 

using Arrhenius equation,

K = A e ' E/RT

where K is a rate constant at temperature T, A is a constant Known as frequency 

factor and E is the energy of activation, activation energy for the polymerization 

of MMA, BA and MMA-BA (1:1 w/w) in emulsion at 25% conversion and 

microemulsion media at 40% conversion was calculated from the plots of log Rp 

vs 1/T. The activation energy is given in Table 3.2.
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Fig. 3-7 a % Conversion vs Time plots for MMA 
KPSj microemulsions:©,s,Aand emulsions:# , 
8Cf C and 90° C respectively

with 0*5 m M 
■ at 7C? C,

%
 Con

ve
rs

io
n

81



Fig.3*7 b Log Rp vs % conversion for MMA with 0*5 mM KPSj 
microemulsions:©,0,AQnd emulsions:# ,«,Aat 70C,80C,

O

and 90 C respectively
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Fig.3-9 b Log Rp vs%conversion plots for MMA-BA with 0*5 
mM KPS*, microemulsions: © ,q , a and emulsions ; ± at
70 C,80*C and 90* C respectively
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Table 3.1 : Effect of Temperature on Rp and % conversion at which Rp (max) is 
attained in microemulsion media.

Data calculated from the results in Figure 3.7 b, 3.8 b, 3.9 b.

Monomer Temperature
°C

RP(max) (X 104) 
(moles/l/sec)

% conversion at
RP(max)

MMA 70 4.5 31.0

80 8.1 46.0

90 37.2 48.0

MM A-BA 70 3.7 35.0

(1:1 w/w) 80 6.8 46.6

90 25.1 44.5

BA 70 2.6 29.0

80 5.8 44.0

90 20.0 46.0
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Table 3.2 : Activation energy (KJ/moie) calculated from Arrhenius plots.

Microemulsion Emulsion

PMMA 116.04 84.25

PBA 106.31 71.61

P(MMA-BA) 95.73 52.65
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in ail the cases it was observed that overall activation energy for microemulsion 

polymerization is higher than emulsion polymerization. In microemulsion system, 

'shell' structure has been postulated6 by the adsorption of surfactant and 

cosurfactant, if present, on the monomer droplets which retards the entry of 

radicals. In addition high ionic concentration in microemulsion also contributes to 

high activation energy. Similar results for activation energy were observed by 

Potisk and Capek4 for the butyl acrylate polymerization in emulsion and 

microemulsion system.

3.3.2 Effect of Initiator concentration

The effect of initiator concentration on polymerization was examined by initiating 

the microemulsion and emulsion compositions with 0.1, 0.5 and 1.25 mM 

potassium persulphate concentration (based on water) at 80°C. The % conversion 

vs time plots and log Rp vs % conversion plots are illustrated in figures 3.10, 3.11 

and 3.12 for methyl methacrylate, butyl acrylate and 1:1 w/w mixture of methyl 

methacrylate and butyl acrylate respectively. In ali the cases the rate of 

polymerization increases with increase in initiator concentration as observed in 

figure 3.10.b, 3.1 l.b and 3.12.b. The plots also show three intervals for emulsion 

and two for microemulsion polymerization as discussed earlier. Table 3.3 shows 

maximum rate of polymerization and the % conversion at which it is achieved for 

microemulsion polymerization. With increasing concentration of initiator maximum 

rate of polymerization increases.

Fig. 3.13 shows the linear relationship bfetween log Rp and log [KPS] 

concentration. The straight lines obtained for microemulsion polymerization for
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20 30 40
Time (in minutes)

Fig.3-I0a % Conversion vs Time plots for MMA at 80 Cj 
microemulsion : ©,Q,a and emulsions; •, at 0-1 mM, 0-5mM 
and 1-25 mM, KPS concentration respectively

90



Fig.3-10 b Log Rp vs % conversion plots for MMA at 80° C) 
microemulsions:© ,a,Aand emulsions:• ,»,*at 0*lmM,0*5mM 

and 1-25 mM KPS respectively
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20 30 40
Time (in minutes)

Fig.3*11 a % Conversion vs Time plots for BA at 80 C*, 
microemulsions:©,0,Aand emulsions ,a at 0*1 mM, 
0*5 mM and 1*25 mM KPS concentration respectively
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Fig.3* 11 b Log Rp vs % conversion plots for BA at 80 C; 
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and 1*25 mM KPS concentration respectively
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Time (in minutes)
Fig.3-12 a % Conversion vs Time plots for MMA-BA at 8<J Cj 
microemulsions:©,a,Aand emulsions:#,■ ,*at 0-lmM,0*5mM 
and 1*25 mM KPS concentration respectively
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% Conversion

Fig.312 b Log Rp vs % conversion for MMA-BA at 80 Cj 
microemulsions:o,□ ,Aand emulsions :•,«,aat 0-lmM, 0*5mM 
and 1*25 mM KPS concentration respectively
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Fig. 3-13 Dependence of rate of polymerization on KPS 
initiator concentration MMA-BA, A BA
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Table 3.3 : Effect of Initiator Concentration on Rp(max) and % conversion at 

which Rp[meix) is attained.

Data calculated from Fig. 3.1.10 b, 3.1.11 b and 3.1.12 b.

Monomer KPS

concentration (mMj

^P(max) - :

{moles/l/secjr

% conversion

MMA 0.10 1.91 x 10'4 25.0

0.50 8.13 x 10‘4 46.0

1.25 1.78 x 10'3 40.0

MMA-8A 0.10 1.62 x 10'4 20.0

0.50 6.76 x 10'4 46.0

1.25 1.48 x 10‘3 44.0

BA 0.10 1.23 x 10 4 20.0

0.50 5.75 x 10'4 44.0

1.25 9.12 x 10-4 43.0
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MM A, MM A-BA and BA show 0.99, 0.999 and 0.989 correlation coefficients. A 

general equation can be developed for the purpose as

log Rp = slope x log[KPS] + Intercept

Hence for MMA, it is

log Rp = 0.883 log[KPS] - 0.183,

for MMA-BA (1:1 w/wj, it is

log Rp - 0.875 log[KPS] - 0.289,

and for BA,

log Rp = 0.810 log[KPS] - 0.644 

where KPS concentration is in molarity.

3.3.3 Effect of Monomer concentration

in order to elucidate the effective monomer concentration effect, the reaction 

temperature and initiator concentration were kept constant during polymerization 

process. The effective monomer concentration8 is defined as the ratio of 

[monomer] x 100/[monomer] + [SDS]. The rate of reaction for 30%, 41.4% and 

92.3% monomer concentration was examined with 1.25 mM KPS concentration at 

80°C and results obtained for methyl methacrylate, butyl acrylate and 1:1 w/w 

mixture of methyl methacrylate and butyl acrylate are presented in figures 3.14, 

3.15 and 3.16 respectively. In all the cases, rate of polymerization increases with 

increase in effective monomer concentration. At lower monomer concentration 

i.e. high surfactant content, the rate of polymerization was observed to be 

suppressed, it may be due to high ionic concentration in the system. The log Rp 

vs % conversion plots (Figure 3.14,b, 3.15.b and 3.16.b) show three distinct
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Fig.3*14 b Log Rp vs % conversion plots of MMA for 

different Monomer concentration at 1*25 mM KPS at 0<S C 
© 30%, a 4|-4®/0j a90 % Monomer concentration

100



20 30 40

Time (in minutes)
Fig.3-15 a % Conversion vs Time plots of BA for different 
Monomer concentration with 1-25 mM KPS at 80° C; 
©30%, a41-4%, a90-0% Monomer concentration
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Fig.3* 16b Log Rp vs % conversion plots of MMA-BA for
O

different Monomer concentration with 1*25 mM KPS at 80 C 

©30%^ a 41*4% j *900% Monomer concentration
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intervals for emulsion (92.3% monomer concentration) white two tor microemulsion 

polymerization (41.4% and 30% monomer concentration) as discussed earlier,

3.4 Reactivity Ratios

For the determination of reactivity ratios, copolymers synthesized at lower 

conversion (<10%) were used, The composition of the monomers In the 

copolymers was determined from the intensities of the NMR signals for *OCH3 of 

methyl methacrylate (53,60 ppm) and -QCH2 of butyl acrylate (54,00 ppm). The 

mole fraction of the monomers MMA and BA are m, and m2 in the polymer and M, 

and M2 in the feed respectively, P denotes m,/m2 while M denotes M,/M2, Several 

methods9,10 are available for the determination of reactivity ratios but all depend 

on careful analysis of the copolymers formed from monomer mixtures using series 

of compositions. We have used Fineman-Ross method11 to determine the 

reactivity ratios of the monomers in microemutslon medium, where the equation 

used Is

M - (M/P) - -r2 + r, (m2/p)

From the straight line plot (Fig. 3.17) obtained from M- (M/P) vs M2/P (Table 3.4) 

the ordinate intercept gives -ra and the slope gives r,. The reactivity ratios It 

(MMA) and r2 (BA) were calculated by using above method, and were found to be 

0,854 and 0,878 respectively.
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Table 3.4 : Parameters tor Fineman-Ross equation for the copolmers of MMA

and BA.

M (= M,/M2 in feed) P (= m5/m2 in polymer) M-M/P m2/p

1.282 1.231 0.241 1.335

1.162 1.126 0.129 1.200

0.888 0.876 -0.125 0.900

0.640 0.634 -0.370 0.646

m,, m2 = mole fraction

M1( M2 = mole fraction

of monomer MMA and 

of monomer MMA and

BA in 

BA in

polymer.

feed.
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Fig.5*17 Plot for computing^ and ^according to the 
. Fineman- Ross method
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The values obtained in the present study differ greatly from the literature values 

reported for solution copolymerization of MMA and BA, Bevington and Harris’2 

have reported 0.92 and 0.13 whereas Grassie et al13 have reported 1.88 and 0.43 

reactivity ratios for MMA and BA respectively. The observed differences in the 

reactivities can be attributed to the microenvironment of polymerization medium.

Recent studies of Corpart et al’4 and Kozakiewicz and lipp,s also show that the 

reactivity ratios of various pairs of water soluble monomers are affected by the 

microenvironment. As seen in Table 3.5 the reactivity ratios of monomer pairs 

depend upon whether the polymerization reaction medium is solution, emulsion or 

micro emulsion.

Reactivity values for some monomer pairs : 

Table 3.5

Monomer

pair

Aqueous solution Emulsion Microemulsion

h rA rA h

Acrylamide(A) 0.95 0.30 1.06 0.29 0.95 0.89

Sodium Aery- ±0.15 ±0.15

late (B) pH g (ref. 16) (ref. 17) (ref. 18)

Acrylamide(A) 0.43 2.39 values close to 0.74 1.23

MADQUAT (B) ±0.18 ±0.38 those in solution

(ref. 19) (ref. 19) (ref. 15)

The product of the reactivity ratios {i.e. r, r2) in the present system is less than one 

indicating random nature of the copolymers.
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3.5 Number of polymer particles

The most difficult parameter to predict in an unseeded emulsion polymerization is 

the number of polymer particles generated in the system and the variation of this 

number during the polymerization process. This difficulty arises from the poor 

understanding of the exact mechanism20'23. In many mathematical simulations of 

emulsion polymerization, this problem was avoided by considering seeded 

emulsion polymerizations where the polymer particle number is kept constant.

We have calculated the number of monomer droplets initially in the 

microemulsions and number of polymer particles after 30 minutes of reaction 

time. For this the following assumptions were made :

(i) Monomer droplets and polymer particles are spherical in shape.

(ii) Initial droplet diameter in microemulsion was ~4 nm.

(iii) Density of monomer and polymer was assumed to be same,

(iv) Concentration of monomer in aqueous phase and in micelles is negligible 

and

(v) Surface of the microdroplets of monomers is adsorbed with emulsifier.

For MMA, MMA-BA (1:1 w/w) and BA the number of microemulsion droplets were 

calculated to be 4.77 x TO'8, 4.753 x 1018 and 4.735 x 1018 droplets per mi. 

Number of polymer particles calculated for PMMA by considering 45 nm average 

diameter obtained in TEM study at 90% conversion (Table 3.8) for PMMA was 2.29 x 

10'5 per ml. For PBA, the TEM analysis gave 15 nm average diameter and hence 

at 87% conversion (Table 3.8) 2.65 x 1017 particles per ml were obtained. For P
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(MMA-co-BA) (1:1 w/w) TEM analysis gave 15.6 nm average diameter at 89% 

conversion (Table 3.8) and hence number of particles were calculated to be 2.34 

x 1 05 7 particles per ml.

3.6 Characterization

The synthesized polymers PMMA, PBA and P(MMA-co-BA) were characterized by 

spectral IR, NMR, GPC, thermal (TGA, DSC) and viscometry, whereas polymerized 

latexes were characterized for the particle size by TEM and Particle Size Analyzer.

Charaterization of Polymers 

3.6.1 IR Studies

The IR spectra of PMMA, PBA and copolymer of MMA and BA are given In Figures 

3.18 a, b and c. The spectrum of PMMA (Figure 3.18.a) shows sharp distinct bands 

at 1728 cm'5 for C=0 stretch and 1274 cm'1 for C—O stretch of ester, at 1386 

cm'1 for C-CH3 of a-methyl and at 1456 cm"5 for -CH2- bending of p-CH2 of MMA.

The spectrum of PBA (Figure 3.18.b) shows distinct bands at 1730 cm"1 for C=0 

stretch and at 1278 cm"5 for C—O stretch of ester, at 2874 cm"1 for C—H stretch 

of a-C-H and at 1454 cm'1 due to rCH2- bending of p-CH2 of butyl acrylate.

In Figure 3.18.C for the copolymers of MMA and BA the presence of vibrational 

stretching bands at 2868 cm'1 due to -C-H of butyl acrylate and 1366 cm'1 due to 

C-CH3 of methyl methacrylate are observed. A sharp band at 1726 cm'1 due to 

C = 0, at 1268 cm"1 due to C—O of ester and at 1456 cm'1 due to -CH2 are also 

observed. This indicates the formation of copolymer of MMA and BA.
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3.6.2 NMR studies

(i) Poly (methyl methacrylate)

ch3
I1 aor q

-c-
i

Or O CH,

'H NMR

Fig 3.19

The results obtained in high resolution ’H NMR studies of PMMA synthesized in 

microemulsion and emulsion media are given in Table 3.6 and Figure 3.20 a and 

b. The NMR signal for methylene protons in predominantly syndiotactic polymer is 

expected to give a singlet as both the methylene protons will have similar 

atmosphere in the immediate vicinity. However, the singlet will show broadening 

due to residual isotactic resonance which complicates the spectrum with fine 

structure24. In the present study NMR signals for ester methyl protons appeared at 

83.5 ppm, j3-CH2 protons at around 82.0 ppm and a-CH3 protons between 81.5 

and 0.8 ppm for PMMA synthesized both in emulsion and microemuision media. 

However, two signals were observed at 81.89 and 1.80 ppm which, show residual 

broadening due to p-CH2 protons of PMMA synthesized in emulsion medium. From 

the results It can be stated that the polymers show predominance of 

syndiotacticity.

The PMMA synthesized from microemulsion media shows six peaks around p2.00 

ppm due to p-CH2 (methylene) protons. The methylene resonance in the isotactic 

polymer is expected to give A8 quartet with additional syndiotactic resonance.
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Table 3.6 : High resolution ’H NMR data for homopolymers of MMA synthesized

in micfoemulsion (PMMA-ME) and emulsion media (PMMA-E).

PMMA-ME PMMA-E

PEAK FREQUENCY

[H2] [ppm]

INTENSITY PEAK FREQUENCY

[Hz| [ppm]

INTENSITY

1. 1796.71 3.5925 20.0 1. 1793.79 3.5866 20.00

2. 1028.75 2.0569 0.25 2. 942.94 1.8854 2.94

3. 1014.63 2.0287 0.29 3. 900.93 1.8014 4.93

4. 969.89 1.9393 0.86 4. 713.84 1.4273 0.86

6. 947.20 1.8939 1.28 5. 599.63 1.1989 0.92

6. 934.96 1.8676 1.04 6. 503.85 1.0074 6.70

7. 902.04 1.8054 3.83 7. 417.18 0.8341 8.78

8. 715.02 1.4297 0.48

9. 603.10 1.2059 0.56

10, 506.59 1.0129 4.93

11. 420.75 0.8413 5.51

12. 414.43 0.8286 5.45
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Fig. 3-20 a *H NMR spectrum of PMMA synthesized in microemulsioj 

medium, at 80* C, 1-25 mM KPS
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Fig. 3*20b •h NMR spectrum of PMMA synthesized in emulsion mediui 

80 C, 1-25 mM KPS
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This is because each of the two p-CH2 protons are flanked by either both a-CH3 or 

ester methyl protons creating a dissimilar environment in the immediate vicinity. 

Thus the PMMA synthesized from microemulsion medium has higher percentage of 

isotacticity than the PMMA synthesized from emulsion medium.

,3C NMR

,3C NMR spectra of PMMA synthesized in microemulsion and emulsion media were 

recorded to throw light on the microstructure of the polymer. Figure 3.21 show the 

spectra of PMMA synthesized in microemulsion. The ester methyl carbon 

resonance appears around 651.5 ppm where as p-CHz carbon absorbs around 

653.5 ppm a-CH3 carbon gives three signals in the range of 617-19 ppm. 

Quaternary carbon gives three signals In the range of 644.8-45,7 ppm. Carbonyl 

carbon gives three sets of signals between 5176.0-177.5 ppm. These values agree 

with the reported values25. From these results rr, mr and mm assignments were 

made for a-CH3 and quaternary carbon of PMMA synthesized in emulsion as well 

as in microemulsion media. From the relative Intensities of rr, mr and mm of 

a-CH3 and quaternary carbon fractional intensities were calculated. The 

fractional intensity of mm (isotacticity) for a-CH3 carbon of PMMA synthesized in 

microemulsion medium is 22% higher than that for the PMMA synthesized in 

emulsion medium.

From the fractional intensities of mm, mr and rr, for a-CH3 the probability of 

adding meso, Pm (isotactic) and racemic, Pr(syndiotactic) units were determined, 

The probability of adding meso, isotactic sequence, Is 0.2229 for PMMA 

synthesized from microemulsion and 0.1980 for PMMA synthesized from emulsion.
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The probability of adding racemic, syndiotactic sequence is 0.7771 for PMMA 

synthesized from microemulsion and 0.802 for PMMA synthesized from emulsion for 

a-CH3. The values obtained for Pm and Pr indicate that the meso and racemic 

blocks randomly exist in the polymers synthesized in emulsion and microemulsion 

media. The higher values of Pr show that the polymers are atactic and are biased 

towards syndiotacticity. However, the probability of adding meso (isotactic) in 

PMMA synthesized from microemulsion medium Is 12.57 % more than that of 

emulsion. Similar results are obtained for quaternary carbon of poly methyl 

methacrylate as shown in Table 3.7.

The values of Pm and Pr were used to caicuiate the triad sequences by using the 

following mathematical equations26

Pm + Pr = 1 

mm = Pm2 

r r » (1 -Pm)2 

mr/rm = 2 (1 -Pm) Pm

Various experimental values of triad sequences determined from ,3C NMR spectra 

and calculated from Bernoullian statistics26 are given In Table 3.7. The number 

average sequence length (nm and nr) is defined as the ratio of number of units of 

specific type to the number of runs containing that units. For meso and racemic 

additions it is represented as nm and nf respectively,

nm = [mm + 1/2 (mr)] / 1/2 (mr) 

n, - [rr + 1/2 (mr)] / 1/2 (mr)
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Table 3.7 : Triad comonomer distribution for Poly(methyi methacrylate)

conforming to Bernoullian Behaviour.

PMMA-ME PMMA-E

a -Methyl Quaternary a-Methyl Quaternary Bernoliian

Carbon Carbon Carbon Carbon Triad

(Pm=0.212)

mm 0.050 0.045 0.039 0.041 0.045

mr/rm 0.346 0.334 0.318 0.323 0.334

rr 0.604 0.621 0.643 0.636 0.621

1.287 1.270 1.247 1.254 1.269

nr 4.487 4.719 5.044 4.941 4.718

ME

E

= Synthesized in microemuision

= Synthesized in emulsion

121



From the results (Table 3.7) It can be inferred that the number average sequence 

length for meso configuration (nm) is larger for the PMMA synthesized In micro 

emulsion medium where as the numbef average sequence length for racemic 

configuration (nf) is larger for the PMMA synthesized in emulsion medium.

-0«) Poly (butyl acrylate)

H

I
,/P\ 12 3 4

cr OCH2CH2CH2CH3

’h nmr

Fig. 3.22

The high resolution ’H NMR for the PBA synthesized In microemulsion medium 

showed triplet at around 84.05 ppm for 05CH2 protons and a broad signal around 

61.6-2.5 ppm for a-CH and p-CH2 protons. The C-2 and C-3 methyl protons 

gave a broad signal at 81.1-1.6 ppm whereas 4CH3 proton signal appeared at 

60.90 ppm. These values agree with the reported values27. The assignment of 

carbon is given in figure 3.22.

(iii) Poly (methyl methacrylate-co-butyl acrylate)

H
8 la

CH2—C—
I
cXT'X 12 3 4

cr och2ch2ch2ch3

ch3i
6 * aorq
.ch2—c—

jf'\
O' O CH,
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11-\ NW^
The results obtained in high resolution 'H NMR studies of poly (methyl 

methacrylate-co-butyl acrylate) are given in Figure 3.23. The NMR signals for 

-0'CH2 protons appeared at 53.98 ppm, for a-CH at 82.09 ppm, for -2CH2 protons 

at 81.58 ppm, for -3CH2 at 81.36 ppm and for -4CH3 at 50.93 ppm. The signal for 

ester methyl protons appeared at 53.58 ppm and for a-CH3 protons around 80.8 

ppm to 81.5 ppm. The p-CH2 protons appeared at around 81.94 ppm. The signals 

and their Intensities show that copolymer of methyl methacrylate and butyl 

acrylate has formed in equimolar proportion.

,3C NMR

A Ci3 NMR spectrum of P(MMA-co-BA) synthesized in microemulsion medium is 

shown in Figure 3.24. The carbonyl carbon appeared as multiplet at 6172.7- 

177.98 ppm and 0-CH2 carbon signal appeared around 853.5 ppm. The -0'CH2 

carbon signal appeared at 864.5 ppm, -2CH2 at 830.43 ppm and -4CH3fccarbon 

resonance at 513.6 ppm. The methyl ester carbon resonance appeared at 851.6 

ppm and quaternary carbon at 844.0 ppm. The carbon resonance signals for 

-3CH2 of butyl acrylate and a-CH3 of methyl methacrylate in the copolymer 

appeared around 817.0-21.0 ppm.

3.6.3 Particle size and particle size distribution

Figure 3.25 illustrate the transmission electron micrographs of polymerized 

microemulsion latexes synthesized at optimized conditions. Average particle size 

was calculated by considering at least 100 particles per 25 cm2 of TEM 

micrographs. Table 3.8 gives the average particle size of homo- and copolymers
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studied. All the systems polymerized from microemulsion media show particles 

ranging between 10-30 nm except that of methyl methacrylate where particles 

were ~45 nm in diameter. Smaller particle size 50-100 nm obtained in the 

emulsion latexes was mainly due to lower concentration of monomer (11%).

In the polymerized microemulsion latexes containing pentanoi (0.83%) the 

average particle size increased to 24.43 nm in comparison to that without 

pentanoi where particle size was 15.63 nm.

Table 3.9 gives the results obtained in the effect of polymerization temperature on 

average particle size Dn (nm) and intrinsic viscosity, I I dl/g for the copolymers 

synthesized in emulsion and microemulsion media. With increase in temperature 

the particle size was observed to increase due to increased mobility of the 

particles leading to increasing probability of coalescence with other particle. A 

general trend of decreased intrinsic viscosity and hence molecular weight was 

observed for both the systems with increased temperature, as expected.

The results obtained in the study of effect of potassium persulphate concentration 

on average particle size of the latexes and Intrinsic viscosity, of the synthesized 

polymers are given in Table 3.10. The average particle size increase as the 

initiator concentration increases In case of emulsion polymerization whereas 

decreases with increased concentration of initiator in case of microemuision 

polymerization. This may be due to the difference in the mechanism of 

polymerization as discussed earlier. In case of microemuision as initiation takes 

place at dispersed monomer droplets, increased flux of free radicals 

simultaneously initiates increased number of monomer droplets. However, In case 

of emulsion polymerization initiation takes place at monomer swollen micelles.
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Table 3.8 : Average particle size, Dn (nm) and | t| | (dl/g) for the latex

synthesized and the polymers.

Temperature 80°C, 1.25 mM KPS using SDS surfactant.

Sample Av.Particle size, Dn (nm) 1 ti 1 dl/g % monomer

conversion

1. P(MMA) ME 45.0 0.751 91

2. P(MMA) E 75.0 0.975 100

3. P(BA) ME 15.0 1.400 87

4. P{BA) E 95.0 1.725 100

5. P(MMA-co-BA) ME 15.6 1.137 89

6. P(MMA-CO-BA) E 49.6 0.932 100

7. P(MMA-CO-BA) ME 24.4 1.034

Pentanol

ME = synthesized in microemuision

E = synthesized in emulsion

127



Table 3.9 : Effect of Temperature on Average particle size, Dn (nm) and 1tj| 

(dl/g) for the copolymer latex synthesized and polymers with 0.5

mM KPS, using SDS as surfactant.

Temperature

80°C 90°C

Dn (nm) Ul (dl/g) Dn (nm) hi dl/g)

PMMA-BA ME 16.33 1.124 25.73 0.653

PMMA-BA E 48.00 0.925 48.80 . 0.553

ME = synthesized in microemuision

E = synthesized in emulsion
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Table 3.10 : Effect of potassium persulphate concentration on average particle 

size (nm) and I tj | (dl/g) for the latex synthesized and the polymer 

at 80°C using SDS as surfactant.

Potassium persulphate concentration

0.1 mM 0.5 mM 1.25 mM

Dn (nm) I I dl/g Dn (nm) l^ldl/g Dn (nm) Uldl/g

P(MMA-co-BA) ME 19.22 1.040 16.33 1.124 15.63 1.137

P(MMA-co-BA) E 43.00 0.890 48.00 , 0.920 49.60 0.960

ME = synthesized in microemulsion

E = synthesized in emulsion
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Table 3.U : Effect of time on average particle size, Dn jnm) and Irjldi/g for 

the latex synthesized and the polymers [composition water 76.1 %, 

SDS 14.0 % and MM A/BA (1:1 W/W) at 80°C 1.25 mM KPS

concentration!.

Sample Time (min.) % conversion Dn (nm) 1 t| t dl/g

PMMA-BA ME 2 4.0 7.12 1.12

4 20.0 11.72 1.16

15 76.5 15.40 1.13

30 87.0 15.63 1.14

60 88.0 15.63 1.35

ME = synthesized in microemulsion
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(C)

Fig. 3.25 : Transmission electron micrograph of studied samples

(a) PMMA-ME magnification X80000

(b) P(MMA-co-BA)-ME magnification X80000

(c) PBA-ME magnification X80000
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(e)

Fig 3.25 : Transmission electrom micrograph of studied samples

(d) P(MMA-co-BA) ME using Pentanol and KPS as initiator at 80°C 

magnification X80000

(e) P(MMA-co-BA) ME using APS at 80°C magnification X80000
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Hence increased flux of free radicals increases the number of growing polymer 

chains in the same monomer swollen micelles. As the number of growing polymer 

chains is more in the same monomer swollen particle their growth leads to 

increased particle size.

Table 3.11 shows the effect of time on average particle size and intrinsic viscosity. 

With increasing time particle size increases and attains a constant size when 

maximum conversion is achieved.

Figure 3.26 and 3.27 show the particle size distribution plots from light scattering 

of polymerized microemulsion of methyl methacrylate and methyl methacrylate- 

butyl acrylate. The particle size by means of light scattering technique gave 

mean diameter 60 nm for polymerized microemulsion of MMA. It was found that 

10% of the particles are below 37 nm, 25% below 42 nm, 50% below 47 nm, 75% 

below 54 nm and 90% below 61 nm. For P(MMA-co-BA) the mean diameter was 

31 nm with 10% particles below 16 nm, 25% below 20 nm, 50% below 25 nm, 75% 

below 32 nm and 90% below 40 nm.

3.6.4 GPC Analysis

The molecular weights of the selected samples were determined by GPC as 

discussed earlier in section 2.10.3. Table 3.12 shows the number average, weight 

average molecular weights and polydisperslty of these samples. PMMA 

synthesized from microemulsion and emulsion media shows high molecular 

weights. The polydispersity for both types of polymers were observed to be higher 

though for microemulsion based polymer it is comparatively lower. Similar results
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Table 3.12 : Weight average. Number average molecular weights and

polydispersity by GPC for representative samples at 80°C with 

1.25 mM KPS concentration (ME in sample code denotes 

microemulsion medium while E denotes emulsion medium).

Sample (x ICT51 U* {x ID"6) Polydispersity

P(MMA) ME 8.03 1.72 4.66

P(MMA) E 9.76 1.30 7.48

P(MMA-co-BA) ME
Pentanoi

8.1 1 4.08 1.98

P(MMA-co-BA) ME 8.68 4.78 1.81

P(MMA-CO-BA) E 6.07 2.39 2.53
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were observed by Gan et al6 and Feng and Ng8 for microemulsion polymerization 

of methyl methacrylate. The high polydispersity of both the polymers may be due 

to the possibility of two types of nucleations

(i) nucleation in monomer droplets/monomer swollen micelles and

(ii) homogenous nucleation

operating simultaneously. Comparatively lower polydispersity for microemulsion 

based polymer indicates predominance of nucleation in monomer droplets in 

microemulsion polymerization. The copolymer samples of MMA and BA (1:1 w/w) 

synthesized through microemuision route show much lower polydispersity than that 

through emulsion. The molecular weights of the products synthesized by both the 

techniques were high.

When pentanol is used as a cosurfactant in the microemuision the polymer 

synthesized shows lower molecular weight with higher polydispersity than the 

polymers synthesized from microemuision without pentanol. This may be due to 

the increased probability of chain transfer reactions due to the presence of 

pentanol.

3.6.5 Thermal studies

(ij Thermo gravimetric analysis

Dynamic thermogravimetric analysis was carried out using nitrogen atmosphere as 

described in section 2.10.4. The experimental conditions are identical for all the 

samples. Examination of the thermograms of the homopolymers and copolymers 

reveal that all the polymers are stable upto 250°C (Table 3.13). T,, T10, T50 and T90 

are the decomposition temperatures corresponding to 1%, 10%, 50 % and 90 %
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Table 3.13 : TGA results of representative samples synthesized at 80°C using 

1.25 mM KPS. (ME in sample code denotes microemulsions while 

E denotes emulsion medium).

Sample h lio T50

(°C)

T<?o Activation Energy

(KJ moi'1)

PMMA ME 270 328 378 400 44.81

PMMA E 280 355 390 412 65.84

PMMA-BA ME 302 362 395 422 53.17

PMMA-BA E 280 355 390 412 106.05

PMMA-BA ME
Pentanol

308 358 380 414 70.73

Ti. T10, T50 and Tvo are the decomposition temperature corresponding to 1%, 10%, 

50%, and 90% weight loss.
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weight loss. It is observed that PMMA and p(MMA-co-BA) synthesized in 

microemulsion and emulsion decompose In a single step. Babu et al28 has also 

reported one stage thermal degradation of PMMA and copolymers of MMA and 

vinyltriacetoxy silane.

The activation energies of thermal breakdown were calculated by Integrated 

Broido's method29 using equation

In [In 1/Y] = (-E/R) (1/T) + constant

The results are given in Table 3.13. The activation energy calculated for PMMA 

synthesized in microemulsion medium is lower than that from emulsion medium. 

Same is true for copolymer of methyl methacrylate and butyl acrylate. This 

indicates the difference in internal structure of PMMA and copolymer of MMA and 

BA synthesized by microemulsion and emulsion techniques. As less energy is 

required to degrade the PMMA synthesized in microemulsion medium, the product 

is expected to have higher percentage of isotacticity in comparison with PMMA 

synthesized in emulsion medium. This observation supports the results obtained In 

NMR studies.

(ii) Differential scanning calorimetry

DSC thermogram results for poly (methyl methacrylate) synthesized in 

microemulsion and emulsion media are given in Table 3.14, The heating rate was 

10°C/minute. The glass transition temperature for PMMA synthesized from 

microemulsion medium is lower than that from emulsion medium. It is also
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Table 3.14 DSC results of P(MMA) synthesized in microemulsion medium (PMMA 

ME) and in emulsion medium (PMMA E) at 80°C using 1.25 mM KPS.

Tg(°C) Tct°C) AHc(J/g) W°C) AHf(J/g)

PMMA ME 90.5

(38°C)30

134.58 47.21 212,9

(< 1 60°C)30

-

PMMA E 111.0

(1 05°C)30

157.6 9.2 242.35

(>200°C)30

31.43
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observed in the literature30 that glass transition temperature (Tg) for atactic and 

syndiotactic PMMA are higher (105°C) than for isotactic PMMA (38°C). Similarly 

the melting temperature for isotactic product was reported to be lower (160°C) 

than that for syndiotactic (200°C). The results obtained are due to the difference 

in internal structure of the PMMA synthesized by emulsion and microemuision 

polymerization. This has been also reflected in our TGA and NMR study.

3.6.6 Viscosity Studies

The effect of temperature on the hydrodynamic behaviour of dilute polymer 

solutions can be studied through temperature dependence of the intrinsic 

viscosities (Figure 3.28 and Table 3.15). It is observed that the intrinsic viscosity 

shows very little change with increase in temperature, | ri I vs temperature plots are 

linear with the negative slope indicating that the polymer coils are not swelling to 

a great extent. The well known Frenkel-Eyring equation for viscous flow was used 

for the computation'of thermodynamic parameters for viscous flow

n = (Nh / V) expAG*s / RT

Where V is the molar volume and other symbols have their usual meaning. This 

equation can be written as.

In tj V/Nh = (Ai4/RT) - (aS*s/r)
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Where AH?fe and AS*te are enthalpy and entropy for the viscous flow. Representative 

plots of In (tiV/Nh) vs T'1 are given in Figure 3.29 which show a linear relationship 

for P(MMA) and P(MMA-co-BA) synthesized through emulsion and microemulsion 

media. The calculated values of entropy AS*fe enthalpy AHjfe and free energy 

AGjj,. of activation for the viscous flow of polymers in solutions are given in Table 

3.16, The small values of entropy AS*fe and enthalpy AH^. indicate no cross-linking 

in the polymer. The free energy of activation of the viscous flow, AG^, is 

reasonably independent of temperature.

The intramolecular expansion factor for the P(MMA) and P(MMA-co-BA) in solution 

was calculated from the intrinsic viscosity measurements in 0 solvent at 25°C using 

a3 = hi/lnle relationship. The spacial arrangement in the actual molecule is 

assumed to be expanded uniformly by the factor a as a result of intramolecular 

interaction. Table 3.17 shows the 0 solvent composition and intramolecular 

expansion factor. Though My is smaller for P(MMA) from microemulsion system, 0 

solvent composition requires more solvent than that for P(MMA) from emulsion 

system. This may be because of the rigid structure of P(MMA) 'synthesized in 

microemuision medium whereas in case of PMMA synthesized in emulsion medium 

the polymer chain is relatively of free nature. The smaller intramolecular 

expansion factor also indicates a more rigid meso structure for polymer 

synthesized in microemuision medium. This also supports our NMR and thermal 

analysis results.

The relative viscosity data were used to calculate the equivalent hydrodynamic 

volume (voluminosity Ve), a measure of size of a solvated polymer molecule at 

infinite dilution (Table 3.18). It was recently used to determine the shape of
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Table 3.15 : Intrinsic viscosities of sample synthesized in microemulsion and

emulsion media at 80°C using 1.25 mM KPS.

Sample Ul dl/g

1 5°C 20°C 25°C 30°C

P{MMA) ME 0.753 0.752 0.751 0.750

P(MMA) E 0.995 0.985 0.975 0.965

P(MMA-co-BA) ME 1.162 1.150 1.137 1.124

P(MMA-co-BA) E 0.950 0.941 0.932 0.922

ME = synthesized in microemulsion

E = synthesized in emulsion
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Table 3.16 : Entropy AS*s, Enthalpy AH*S and Free Energy AGjte of Activation for 

the viscous flow of polymers. In solutions, synthesized at 80°C 

using 1.25 mM KPS.

Sample AH** o£ AS*fe (KJ mol'1 deg'' ) AG*fe (KJ moi'1 deg'1)

In Acetone In Acetone 1 5°C 20°C 25°C 30°C

PMMA ME 0.16 152 43.93 44.69 45.45 46.2CT

PMMA E 1.24 150 44.44 45.19 4&.94 46.69

PMMA-BA ME 1.55 150 44.85 45.60 46.35 47.1 1

PMMA-BA- E 1.20 149 44.21 44.96 45.70 46.45

ME = synthesized in microemulsion

E = synthesized in emulsion
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Table 3.17 : Intramolecular expansion factor and 0-solvent compositions of

representative samples synthesized at 80°C using 1.25 mM KPS.

Sample 0-solvent composition

Acetone % Methanol % Ini |n le a

PMMA ME 56.90 43,10 0.751 0.587 1.085

PMMA E 53.70 46.30 0.975 0.575 1.1.92

PMMA-BA ME 45.45 54.55 1.137 0.448 1.364

PMMA-BA E 41,67 58.33 0.932 0.281 1.491

ME = synthesized in microemulsion

E = synthesized in emulsion
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Table 3.18 : Hydrodynamic volumes Ve, ml/g, of samples synthesized in

Microemulsion and emulsion media at 80°C using 1.25 rr.M KPS.

Sample Temperature

15°C 20°C 25°C 30°C

PMMA ME 28.45 28.32 28.10 27.95

PMMA E 37.70 37.50 37.27 37.05

PMMA-BA ME 44.44 43.92 43.32 42.40

PMMA-BA E 36.92 36.56 36.00 35.50

ME = synthesized in microemulsion

E = synthesized in emulsion
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protein molecules (natural polymers)32 and some acrylic polymers31,33 In solution. 

In the present study the same procedure was followed for the determination of Ve 

by plotting

Y = [tv5 - 1] / [c(l35ivs- 0.l)JvsC

and extrapolating to C=0 to get Ve. The voluminosity is a function of temperature 

and is a measure of the volume of solvated polymer molecules. Hence in case of 

rigid molecules volume of solvent required to solvate the polymer molecules Is 

less in comparison with syndiotactic polymers which are less rigid in character. 

Table 3.18 shows the hydrodynamic volume of polymers which decrease with 

increase in temperature. The Slmha shape factor34 was calculated by using the 

equation

T, = sv8

and it was observed that value for Simha shape factor for all the systems at the 

studied temperatures remains constant at ~2.6. This indicates that in the 

concentration range studied, the polymer molecules are spherical in the 

solution36.
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Semicontinuous polymerization is an important method for polymer processing in 

industry. The homogeneity of copolymers is a function of monomer composition in 

the feed and method of monomer addition36. By semicontinuous process, keeping 

the rate of monomer addition slower than the rate of polymerization, 

homogeneous copolymers can be obtained. The average particle size is smaller 

for the latexes obtained from semicontinuous process. But products show broader 

molecular weight distributions. Semicontinuous copolymerization of methyl

methacrylate and butyl acrylate was carried out by using disodium diphenyl oxide
\

disulponate (Dowfax 2A-1) and sodium dodecyl sulphate.

3.7 Semicontinuous microemulsion copoiymerlzation using Dowfax 2A-1

Microemulsion composition used in the semicontinuous polymerization of methyl 

methacrylate and butyl acrylate in the present study are given in Table 3.19.

3.7.1 Optimization of reaction conditions

Surfactant concentration

in S* series, reactions were carried out to optimize the surfactant concentration 

as discussed in section 2.9.1. Very little difference was observed in % conversion 

and % solid with variation in surfactant concentration upto ~3%. At low and high 

concentration of surfactant, coagulum formation was observed and hence 2-3% 

surfactant for ~30% monomer was observed to be optimum. This results Into 

[monomer] / [surfactant] + [cosurfactant] ratio 10-12. The latex particle size was 

observed to be of ~4Q nm (Table 3.20). At low concentration of anionic 

surfactant, Dowfax 2A-1, coagulum formation takes place due to Increased
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electrostatic instability of the latex particles. Decrease in the repulsive double 

layer forces with decrease in surfactant concentration results in decreased

stability of the latex particles. At higher surfactant concentration also the stability

of the latex decreases due to increase in ionic concentration oL-^^>^onri^fi^|s;
//V-

phase. Similar results were reported by Masa et ar

Monomer concentration

To Improve % solid in the latex, monomer concentration was varied,

50% w/w keeping MMA-BA ratio 1:1 and [monomer] / [surfactant] + [cosurfactant] 

ratio ~10, The initiator concentration with respect to monomer was kept constant. 

At higher concentration of monomer [above 45%), coagulum formation was 

observed due to reduced stability of the latex with increase in ionic concentration 

of the continuous phase. As the % solid increased viscosity went on increasing. At 

37% solid the viscosity was 0.15 poise while at 45.2% it was 4.04 poise. At 52% 

solid, the viscosity increased considerably.

Homopolymers synthesized under identical conditions showed 22 nm and 60 nm 

particle size for PMMA and PBA latexes [Table 3.20). On copolymerization of 1:1 

mixture of MMA-BA under identical conditions, copolymeric latex had the particles 

with almost the average size of PMMA and PBA particles [Table 3.20) i.e. 40.5, 22 

and 60 nm for copolymer of MMA and BA, PMMA and PBA respectively.

Effect of cosurfactant concentration

In the D set of reactions, effect of cosurfactant on polymerization was studied. 

The compositions were prepared by using pentanol and acrylamide, as
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cosurfactants and without cosurfactants (Table 3.19 and 3.20). The average 

particle size of the polymerized latex was observed to be smaller for the 

composition with acrylamide (DA) than for the composition without cosurfactant 

(D). However, when pentanol was used as a cosurfactant, % solid decreased and 

latex particles showed ~25% Increase In size. TEM micrographs of the system 

without acrylamide show bimodal distribution of average particle size - one 

around average particle size 28 nm and the other 50.8 nm. This is shown In Figure 

3.30 (a) and (b). The bimodal distribution to particles was also observed in 

particle size distribution analysis and is discussed In section 3.7,2.

Type and Effect of Initiator Concentration

In series 'I', various water and oil soluble initiators such as potassium persulphate 

(KPS), ammonium persulphate (APS), azoblsfsobutyronitrile (AI8N) and benzoyl 

peroxide (BPO) were used. Among them, ammonium persulphate gave the latexes 

with highest % solid, without coagulum formation, with smallest latex particles and 

higher intrinsic viscosity. With ammonium persulphate latexes with average 

particle size 35.4 nm and lni= 1.413 dl/g were obtained where as with KPS 

average particle size was 45.31 nm and j tj 1 = 1.152 dl/g. With AIBN system at

40.2% solid average particle size was observed to be small (37.50 nm) but latex 

was viscous whereas with BPO latexes resulted Into emulsions with large amount of 

coagulum formation.

Hence the effect of ammonium persulphate concentration was studied at 80°C for 

systems with and without acrylamide, A-APS 1-4 and APS 1-4, respectively. The 

results obtained are given in Table 3.20 and show dcrease in intrinsic viscosity and 

hence decrease in viscosity average molecular weight with increased initiator
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concentration. This is due to increased free radical flux resulting early termination 

of growing chains.

Temperature

in the study of effect of temperature (at 70°C to 90°C) on copolymerization using 

-40% of monomer (MMA-BA 1:1) concentration, it was observed that at high 

temperature % solid and % conversion is lower and coagulum formation takes 

place. Average particle size increases too. At 80°C, latexes with highest % 

conversion and lowest particle size were obtained.

Most of the surfactants reported for microemulsion polymerization have only one 

ionic charge per molecule whereas Dowfax 2A-1 has two. The structural formula 

shows that each molecule of Dowfax 2A-1 surfactant consists of a pair of 

sulphonate groups on a diphenyl oxide backbone. Two charged groups in close 

proximity yield an overlapping zone of enhanced negative charge. This higher 

local charge density results in greater intermolecuiar attraction and therefore 

increasing the probability for solvating and coupling action. The ether linkage 

between two benzene rings of each molecule of Dowfax 2A-1 surfactant is flexible. 

In particlular, this flexibility allows the benzene rings to rotate round the oxygen. 

Thus the distance between the sulphonates is variable, allowing the molecule to 

interact readily with structures as compact as Individual ions or as bulky as long
ik

chain hydrocarbon.
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Table 3.20 Average particle size D„ (nm) and l^lfdl/g) for the latexes 
synthesized and the polymers.

Solid % Av.Particle size (nm) 1 n I dl/g

MMA 32.48 22.0 1.22
BA 32.62 60.0 ’
MMA-BA 32.67 40.5 1.39
S-2 33.00 42.5 1.37
S-3 32.67 40.5 1.39
M-l 32.67 40.5
M-3 42.18 35.4 1.41
M-4 45.20 1.68
D 40.80 39.4 1.73
DP 37.60 49.7 1.06
DA 42.18 35.4 1.41
1-1 39.05 45.3 1.15
1-2 42.18 35.4 1.41
1-3 40.25 37.5 1.50
MBA 70 41.86 1.55
MBA 80 42.18 35.4 1.41
MB 70 38.04 1.33
MB 80 40.80 39.3 1.73
A-APS-1 42.18 35.4 1.41
A-APS-2 42.84 - 1.45
A-APS-3 42.84 1.38
APS-1 40.80 39.3 1.73
APS-2 41.50 1.53
APS-3 41.50 1.30
APS-4 41.50 1.06
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(C)

Fig 3.30 : Transmission electron micrograph of studied samples

(a) D magnification X100000

(b) D magnification X50000

(c) DA magnification X50000
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(f) (g)

Fig 3.30 : Transmission electron micrograph of studied samples

(d) BA magnification X80000

(e) MMA magnification X50000

(f) DP magnification X50000

(g) M-l magnification X50000
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3,7.2 Characterization

NMR study

Figure 3,31 shows the signals obtained in high resolution ’H NMR for methyl 

methacrylate and butyl acrylate copolymers. In the figure the triplet around 84,00 

ppm may be assigned to -0’CH2 protons and at 82.09 ppm due to a-CH proton of 

butyl acrylate. The signal at 81.6 ppm may be assigned to -2CH2 and at 80.9 ppm 

to -4CH3 protons of butyl acrylate.

The signals obtained at 83.6 ppm can be assigned to -OCH3 and at 81.10 ppm 

and 81.25 ppm to a-CH3 of methyl methacrylate. The p-CH2 signal appears at 

82.0 ppm and 81.81 ppm. These values agree with the values reported for PBA27 

and PMMA25. The Intensities, of signals at -’OCH2 and -OCH3 of butyl acrylate ar*|i 

methyl methacrylate respectively, per proton Indicate that the monomer units are 

in equimolar proportion in the polymer unit. This may be because of the reactivity 

ratios calculated by us in microemulsion medium (section 3.4) for MMA and BA are 

Identical, 0.854 and 0.878 respectively, which results in their incorporation In the 

copolymer in almost 1:1 ratio.

GPC Analysis

The products synthesized were characterized for their molecular weight and 

molecular weight distribution by GPC as discussed in section 2.10.3. Table 3.21 

shows the weight average, number average molecular weights and polydisperslty 

of representative samples. M-2 and M-4 are the systems with ~37% and 45% solid 

content and 'D' is a system without acrylamide with ~41% solid content. The
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system D shows bimodal distribution with overall molecular data : Mn = 4,18 x 106, 

Mw s= 11.96 x 10* and polydispersity 2.86. When the data quantitation Is carried 

out for both the peaks, the values obtained were for peak (1) : Mn = 24.28 x 10s, 

Mw = 26.89 x 10s and polydispersity 1.11 while for peak (2) ; Mn = 3.08 x 106, Mw 

= 5.59 x 105 with polydispersity 1.79. Bimodal molecular weight distribution has 

been reported by other research workers8,38,39 also. Johnson and Guiarl38 reported 

two populations with average polymer molecular weights of 3 x 106 and 3 x 106 by 

GPC and Quasi elastic light scattering. They attributed this bimodal distribution to 

the presence of two competing mechanisms for initiation : one in monomer 

droplets and other in monomer swollen micelles. The polydispersity of samples M- 

2 and M-4 are 5.56 and 5.14 (Table 3.21). The high polydispersity is also 

indicative of more than one competing mechanism for initiation i.e. in monomer 

droplets and in monomer swollen micelles or homogeneous nucleatlon or all three 

operating simultaneously.

Particle size distribution

Synthesis of nanoparticle is an Important aspect of the present study. It results In 

increased surface area and enhances the performance of latex as binder. 

Another important dimension is that It results in one of two polymer chains of high 

molecular weights with low polydispersity. Hence particle size was extensively 

studied using TEM techniques as discussed earlier. Figure 3.32 and 3.33 show the 

particle size distribution of the latex from recipe D and DA (Table 3.19). The 

average particle size was calculated from Transmission electron micrographs as 

shown in figure 3.30.
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Table 3.21 Weight average, number average molecular weights and 

polydispersity results of the studied samples synthesized using 

Dowfax 2A-1 at 80°C using ammonium persulphate (0.3 % with

respect to monomer).

Sample *Ux io 5) M„fx 10 s) Polydispersity

M-2 7.12 1.28 5.56

M-4 11.7 2.27 5.14

D 11.96 4.18 2.86

(1) 26.89 (1) 24.28 (1) 1.11

(ii) 5.59 (ii) 3.08 (ii) 1.78

* D shows bimodal distribution.

M-2, M-4, D compositions as given in Table 3.19.
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Ist Peak 38 nm 
2nc* Peak 100 nm
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Fig. 3-32 Particle size distribution of sample D, at 80 C 
with ammonium persulphate (0*3% of monomer cone.), using 
Dowfax 2A-I surfactant, no acrylamide 
(composition of D in Table 3*19)
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Diameter

Fig. 3-33 Particle size distribution of sample DA, at 8(5 C 

with ammonium persulphate (0-3% of monomer concentration), 
using Dowfax 2A-I surfactant, with acrylamide 
(composition of DA in Table 3*19)
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Bimodal distributions have been reported in styrene emulsion systems where water 

soluble Initiators were used. The emulsion produced by Ugeistad et al40 contained 

small amount of hexadecanoi and yielded a bimodal distribution of latex 

particles. These authors claimed that this was the evidence of a initiation 

mechanism that involved both monomer droplets and monomer swollen micelles. 

Piirma and Chang41 reported the appearance of bimodal distribution around 40% 

conversion of styrene, water and Emulphogene BC 840 system and proposed that 

the emulsifier released by the polystyrene and the uninitiated micelles caused a 

secondary nucleation that greatly increased the reaction rate. Tang et al42 also 

reported a bimodal distribution in an o/w styrene microemuislon system and

proposed that it resulted from the initiation of monomer droplets and monomer
i

swollen micelles.

Thermal studies

Thermogravimetric analysis
i

Dynamic thermogravimetric analysis of representative sample was carried out 

using nitrogen atmosphere as described in section 2.10.4. The experimental 

conditions were identical for all the samples. Examination of the thermograms of 

all the polymers (Table 3.22) reveal that they are stable upto around 200°C and 

90% degradation takes place around 420°C, Samples DA (Figure 3.34) and M-2
i

are showing two step thermal degradations whereas sample D (Figure 3.35a) and 

DP show single step degradation pattern. This may be due to the Incorporation of 

acrylamide In the polymeric chain. Figure 3.35b shows a straight line plot of 

negative slope when In [In 1/Y) was plotted against 1/T for the sample D.
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Table 3.22 : Thermogravimetric analysis of representative samples synthesized

at 80°C.

Sample T,

oO

ot—
' t60 t90 Activation

Energy

KJ mol'1)

DA ME Dowfax

Acrylamide

207.5 250.9 380.3 414.5 37.18

DP Dowfax

Pentanol

223.9 318.5 370.8 396.2 45.56

D ME Dowfax 261.0 354.0 388.8 415.0 61.99

M-2 ME Dowfax 220.0 330.0 386.0 405.0 55.42

PMMA-BA ME SDS 220.0 285.0 347.0 371.0 32.19

Ti, T,0, T50 and T90 are the degradation temperature corresponding to 1 %, 

10 %, 50 % and 90 % weight loss.

ME = synthesized in microemulsion

E = synthesized in emulsion
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Activation energy was calculated by using Broido's equation as discussed earlier. 

Babu et al28 observed one step thermal degradation of acrylates as discussed 

earlier in section 3.6.5.

Differential thermal analysis

DTA curve for sample DA shows the melting temperature 296,25°C and 

decomposition temperature 394.7°C (Figure 3.34) and for D It was 330°C and 

393°C (Figure 3.35) respectively. Lower melting temperature for DA may be due 

to the lower viscosity average molecular weight (i.e. lower l^idl/g as given In 

Table 3.20).

Table 3.23 : Differential Thermal Analysis of representative samples synthesized

using Dowfax 2A-1, at 80°C with APS initiator.

Tm Td

DA 296.2°C 394.7°C

D 330.0°C 393.0°C

DA and D compositions as given in Table 3.19.

Viscosity studies

The effect of temperature on the hydrodynamic behaviour of dilute polymer 

solutions can be studied through temperature dependence of the Intrinsic 

viscosities (Table 3.24 and Figure 3.36). It is observed that the intrinsic viscosity
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I t] | decreases in general with increase in temperature. | t| I vs temperature plots 

are always linear with the negative slope Indicating that the polymer coils are not 

swelling to a great extent.

The well known Frenkei-Eyrlng equation for viscous flow,

n = (Nh/VjexpfAG'jRT)

can be rewritten as,

in (nV/Nh) = (ah^/W t)- (as^/r)

Representative plots of In tiV/Nh vs T'1 are given in figure 3.37 which shows linear 

relationship for all the samples studied. The calculated values of entropy ASjj,, 

enthalpy Hvis and free energy AG*te for the viscous flow of polymers in solutions are 

given in Table 3.25. The small values indicate no cross-linking In the samples. 

The free energy of activation of the viscous flow, AG*te, is reasonably independent 

of temperature.

The intramolecular expansion factor for P(MMA-co-BA) synthesized by 

semicontlnuous method was calculated from the Intrinsic viscosity measurements 

In o solvent at 25°C and using,

«3 ■ h/m9

relationship. The spacial arrangement in the actual molecule is assumed to be 

expanded uniformly by the factor a as a result of intramolecular interaction. Table
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3.26 shows the 0 solvent compositions and intramolecular expansion factor 

values. The intramolecular expansion factor for the samples synthesized by 

semicontinuous process are much higher than those for products synthesized by 

batch process (Table 3.17). It indicates less rigid structure for the samples 

synthesized by semicontinuous method.

The relative viscosity data was used to calculate the equivalent hydrodynamic 

volume (voluminosity, Ve), a measure of size of a solvated polymer molecule at 

infinite dilution (Table 3.27), it was recently used to determine the shape of 
protein molecules (natural polymers)32 and some acrylic polymers31,33 in solution. 

In the present study the same procedure was followed for the determination of Ve 

by plotting

Y = [t)°s- t] / [c(l.35 tvS - O.lj] vsC

and extrapolating to C=0 to get Ve. The voluminosity is a function of temperature 

and is a measure of the volume of solvated polymer molecules. As the 
temperature increases the Ve decreases. From |tj| = SVe, the Simha shape factor 

3 was calculated. For sample DP it was 2.25, for DA it,was 2,48 and for D it was 

2.75. Einstein computed a value of. v as 2.5 for spherical particles where as for 

oblate or prolate shape the values in solution differ widely from 2.538. This 

indicates that DA particles have spherical shape whereas others show some 

deviation from the spherical nature.
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Table 3*19)
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Table 3.24 : Intrinsic viscosities of representative samples at different

temperature.

Sample In 1 dl/g

1 5°C 20°C 25°C 30°C

DP 1.10 1.08 1.06 1.04

DA 1.46 1.44 1.41 1.39

D 1.80 1.7 1.73 1.70

Composition of D, DP and DA in Table 3.19.
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Table 3,25 : Entropy as*8, Enthalpy AHjfe and free energy AG*te of Activation for 

the viscous flow of representative polymers in solutions.

Sample AH^ (KJ mol'')

In Acetone

ASyfe (J mor’

In Acetone

deg*5)

1 5°C

agJ-s

20°C

KJ/mol

25°C 30°C

D 2.08 154 46.47 47,24 48.00 48.78

DP 2.08 148 44.84 45.59 46.33 47.07

DA 2.88 149 45.79 46.53 47.28 48.02
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Table 3,26 : Intramolecular expansion factor and 9 solvent composition of 

representative samples.

Sample 0-solvent composition

Acetone % Methanol %

Ui 1 n 1 e a

D 36,4 63.6 1.733 0.411 1.616

DP 33.3 66,7 1.060 0.186 1.789

DA 30.0 70.0 1.413 0.154 2.090

Composition of D, DP and DA in Table 3,19.
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Table 3.27 : Hydrodynamic volumes of representative samples at different

temperature.

Sample

Hydrodynamic volume, Ve ml/g

1 5°C 20°C 25°C 30°C

DP 48.08 47.60 47.00 46.20

DA 58.10 57.60 57.00 56.60

D 64.00 63.60 63.32 62.84

Composition,of D, DP and DA In Table 3.19.
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3.8 Semicontinuous microemulsion copolymerization using sodium dodecyl 

sulphate

Semicontinuous copolymerization of MMA-BA was carried out using SDS as 

surfactant. A series of experiments was carried out to optimize the surfactant : 

monomer ratio for microemulsion polymerization of MMA and BA. From the results 

given in Table 3.28 it is observed that translucent microemulsion latexes were 

obtained when surfactant : monomer ratio varied from 0.9 to 0.5. However,

below 0.5 ratio latexes were somewhat turbid. The maximum % solid obtained was 

24%, An experiment was also performed by taking the optimized conditions for 

the batch polymerization where 22% solid content was observed.
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Table 3.28: Semicontinuous reactions using SDS as surfactant and MMA-BA as

monomer.

Code Composition % Solid % Conversion % Comments 

No.

IA Water 76.03 

SDS 14.05 

Monomer 9,9'2

21.87 91.24 Viscosity 8 cps

70 % UV-Vis 

Light transmission at 

600 nm.

Particle size 14 nm

(composition as per the batch process)

IB Water 80.80 17.39 90.57

SDS 8.73 

Monomer 10.47

Viscosity 5 cps 

Microemulsion

1C Water 81.51 16.09 87.02

SDS 7.92 

Monomer 10.57

Viscosity 4 cps 

Microemulsion

ID Water 82.24 15.38 86.59

SDS 7.10 

Monomer 10.66

Viscosity 4 cps 

Microemulsion
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IE Water 77.32 20.00 88.18

SDS 7.56 

Monomer 15.12

IF Water 73.6 23,91 90.57

SDS 7.2 

Monomer 19,2

Viscosity 6 cps 

Microemulsion

Viscosity 15,5 cps 

Particle size ~8G nm
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3.9 Applications

The use of polymer latexes (polymerized emulsions or microemulsions) in 

applications such as adhesives, foams, paints, paper, coatings and textile sizings 

requires the latex to be of quality with respect to electrolytic stability, mechanical 

stability, freeze thaw stability with optimum % solid, particle size, viscosity and pH. 

It requires the latex to form a continuous film upon drying. The morphology and 

mechanical properties of films, however depend upon the composition and 

structure of the polymer and also upon the drying conditions and environment43,44. 

During film formation, the latex particles are known to move around with random 

Brownian motion until a critical solid concentration (74% solids of monodisperse 

latexes packed In a rhombohedral array) is reached. Later, a continuous film 

results from the coalescence of the particles provided the forces46,46 produced 

during the further evaporation of water are of sufficient magnitude to overcome 

the resisting forces caused by coulombic repulsion forces of the charged particles 

and the particle rigidity. Film properties are further improved by the Interdiffusion 

of the polymer molecules across the area of contact of the particles - a process 

known as further gradual coalescence47.

Three microlatexes with compositions shown In Table 3.29 were selected and their 

microemulsion and film properties were evaluated. Films were casted on glass 

panels using 150 p.m applicator and were tested to evaluate their suitability for 

use in paints,
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Table 3.29 : Composition of representative samples polymerized at 80°C with

initiators ammonium persulphate for M-2 and M-4 and KPS for 

SDS-20.

SDS-20 M-2 M-4

Surfactant % 14.1 3.20 - 4.24

MMA/BA(1:1 w/w) % 9.9 35.53 42.56

Water % 76.0 60.75 52.64

Acrylamide % - 0.38 0.45

Initiator KPS APS % APS %

1.25 X 10'3 M 0.14 0.11

SDS 20 : Table 3.28 Code 1A; M-2, M-4 : Table 3.19.

3.10 Microemulsion properties

Mechanical Stability

The microemulsion latexes from composition SDS-20, M-2 and M-4 (Table 3.29) 

were tested for mechanical stability at 14000 r.p.m. for 10 minutes. All the 

latexes showed good mechanical stability with no coagulum formation. No 

increase in particle size was observed.

Electrolytic stability

The microemulsion latexes from composition SDS-20, M-2 and M-4 were also 

tested for electrolytic stability using 5 % aluminium sulphate as discussed in
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Table 3.30 ; Microemulsion properties of the representative samples.

SDS-20 M-2 M-4

1. Appearance Translucent Translucent Translucent

2. Solid % 21.87 36.95 45.20

3. Particle size (nm) < 30 < 30 < 30

4. Molecular weight - 7.12 x 106 1 1.70 x 10£

5. Viscosity (poise) 0.08 0.15 4.04

6. Electrolyte stability 300.00 20.0 18.0
AI2(S04)3 5 % (ml)

7. Mechanical stability Nil Nil Nil
14000 rpm for 10 min.
coagulum (gms)

8. Freeze-Thaw stability
25°C 24 hrs. -10°C

24 hrs.
1s1 Cycle + +
2nd Cycle + 4- +
3,d Cycle + + +

9. pH 2.17 2.12 2.21
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section 2.11,5. 100 gm of SDS-20 microemulsion latex required 300 ml, M-2 

required 18 mi and M-4 required 20 ml of AI2(S04)3 for complete coagulation. SDS 

and Dowfax 2A-1 are anionic emulsifiers which promote electrostatic stability of 

the microemulsion. Addition of AI2(S04)3 electrolyte decreases the double layer 

thickness (primarily responsible for stability of latex) resulting in coalescence. The 

volume of AI2(S04}3 required for complete coalescence Is the measure of the 

stability of the latex.

Freeze-thaw stability

latex can freeze during storage or transportation and therefore resistance to 

freeze-thaw cycles is very important for commercialization of the product. The 

microlatexes from SDS-20, M-2 and M-4 compositions were tested for freeze-thaw 

stability. It was done as discussed in section 2.11.6. All the microlatexes, SDS-20, 

M-2 and M-4 showed excellent stability to three cycles. When freezing occurs, ice 

crystals separate from the unfrozen latex, reducing the volume of the continuous 

phase and Increasing the ionic concentration of this phase. As a result, the 

stability of the latex is reduced and the latex which is subjected to high pressure 

may coagulate37.

Particle size and Molecular weight

Particle sizes for the three microlatexes were observed to be below 30 nm on 

Shimadzu Said 2001 particle size analyzer. Lower particle size is desired for paint 

formulation as it would improve the dispersion of the pigments and enhances the 

performance of the microlatex as binder. Average molecular weight was observed 

(Table 3.30) to be high with broad poiydispersity.
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3.11 Film properties

Films of thickness 150 p.m were costed on glass panels. Preliminary tests 

regarding water resistance and alkali resistance were carried out. The films were 

examined for their clarity, bits and tackiness. The results are in Table 3.31.

3.12 Paints

Emulsion paints have gained wide acceptance by both the consumers and 

industry.

The advantages of emulsion paints are listed below :

(i) Easy to apply.

(ii) Quick drying (within an hour or two).

(iii) Equipment used in applying latex paint can be conveniently washed with 

water.

(iv) little or no odour.

(v) Excellent resistance to alkalies in fresh plaster, stucco or masonry.

(vi) Long-term outside durability,

(vil) Excellent resistance to blistering on wood surfaces.

However they also have certain disadvantages such as :

(i) Spread easily.

(ii) Require protection against freezing.

(ili) Greater permeability to moisture than oil based paints.

(iv) Leads to poor adhesion on improperly prepared surfaces.
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Table 3.31 : Preliminary film properties of the film (150 n.m)casted on glass 

panels of the representative samples.

SDS 20 M-2 M-4

Clarity Hazy Clear Clear

Bits None

Glossy

None None

Tack No No No

Water Resistance

1st hour 7 8 8

2nd hour 6 7 7

4th hour 6 6 6

24th hour 5 5 5

Alkali Resistance

a) Resistance Blistering No whitening No whitening

b) Weight loss 50 %

or blistering or blistering
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3.12.1 What is paint?

Paint is used to protect, decorate and obscure a surface. The two basic 

ingredients in paints are the pigment and the vehicle. Pigments are particles of 

opaque nature which impart colour and hiding power or ability to obscure a 

surface to paint.

The vehicle (carrier for the pigments) is the liquid part of the paint and consists 

essentially of two components :

(i) the thinner and

(li) the binder

The former is the volatile part of the paint that evaporates, leaving behind a solid 

paint film.

The binder remains in the paint film to bind the pigment particles into an uniform 

film after the volatile liquid evaporates. Binder type and amount largely 

determines most of the paint properties such as durability, washability, toughness 

and adhesion.

As work with acrylic emulsions were carried out, brief account is given here.

3.12.2 Acrylic Emulsions

Acrylic emulsions were introduced in 1953 as they are noted for their toughness, 

outdoor durability and good adhesion to a wide variety of surfaces. Acrylic latex 

paints are defined as those with predominant concentration of polymers and 

copolymers of the esters of acrylic or methacrylic acid. Chemically the acrylics
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are long chain polymers of methacrylate and acrylate esters.

CH3 H

c=o/
C—O
/

RO RO
Poly methacrylate Poly acrylate

Where R is an alkyl group such as ethyl, butyl or 2-ethyl hexyl. Smaller groups 

(e.g. methyl or ethyl) result in hard, tack-free and tough polymers. The substitution 

of larger chains in ester groups results in soft, tacky polymers. The methyl group in 

the a-carbon of the methacrylate polymers also have an important Influence on 

polymer properties.

3.12.3 Paint Manufacturing process

Proper paint-formulation techniques are just as important as the choice of 

emulsion type in getting desirable paint properties. The process involves pigment 

dispersion (called grinding), followed by the addition of emulsifier and other 

additives, adjustment of pH, viscosity and tinting.

Much of the equipment used in paint making is for mixing and dispersing 

pigments. The most critical part of paint making is dispersing of the pigment with 

the binder. Frequently used for these operations are high speed impeller mills and 

sand mills. Other equipments, such as ball and roller mills are also used as per 

requirement.
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With the impeller mill, the production of latex paint is divided into two operations : 

pigment dispersing at about 5400 ft/min (disk peripheral speed) and mixing at 

about 1500 disk peripheral speed ( the let down). Usually the dispersing and 

wetting agents, coalescents, antifoamer, water and thickener are charged to a 

tank and mixed. The pigments and extenders are then slowly added as the mixer 

speed is increased. The pigment paste is then mixed at a high impeller speed 

until all aggregates are broken down and pigments are homogeneously dispersed. 

This is known as mill base.

After this, the dispersed pigment paste is diluted by adding the bulk of the 

emulsion vehicle, defoamer and additional water or thickeners as necessary to 

adjust viscosity. Mixing continues at a low impellar speed until the paint batch Is 

thoroughly blended. Finally the pH of the finished latex paint is adjusted. The 

product is then ready for packaging48.

Paint preparation

The formulation of the paint prepared in the present study is given in Table 3.32. 

It was prepared as discussed in section 2.13.

3.13 Characterization of Paints

Paints are characterized for their following properties :

3.13.1 Viscosity

The viscosity was measured for formulation II paints. M 2 II and M 4 II were stiff
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Table 3.32 : Paint formulated with microemulsion M-2, M-4, SDS-20 and 

standard (emulsion).

Formulation I Formulation II

Water 47.0 17.22
Surfactant Hyoxyd AAO 0.5 -

Noigen NP 15 - 0.10
Avipol GM - 0.30

Pigment TiOz 6.0 12.00

Extender China clay 14.0 12.00
Steatite 700 M 1.0 28.00
Calcite 2.9 -
Whiting - 10.00

Thickener Natrosol MR 1 .0 0.40

Wetting Agent Pine oil 1.0 0.50

Preservative SHMP _ 0.10
Santobrite - 0.15

Defoamer NOPCO NXZ 0.2 0.02
NH3 (liquor) 0.1 0.13

73.70 80.92

COUtd.
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SDS-20 M-2 M-4 Standard

Formulation 1 II 1 II 1 II 1 II

Mill base 65.72 80.92 73.70 80.92 73.70 80.92 73.70 80.92

Emulsion 34.28 18.91 24.20 12.32 20.00 9.68 17.95 8.84

Water - 0.17 2.10 6.76 6.30 9.40 8.35 10.24
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paints with high viscosity and penetrometer was used to measure, where higher 

divisions of penetrometer indicate lower viscosity i.e. M 4 II has higher viscosity 

than M 2 II. SDS 20 II and Standard II was measured in stormer viscometer, KU 

being kreb unit.

3.13.2 Colour intensity

The microemulsion based paints were tested for colour intensity as given in section 

2.14,2. Results are illustrated in Table 3.33. Figures 3.38.1 A, B and C and Figures 

3.38,11 A, B and C show the reflectance vs wavelength plots for the formulated 

paints with respect to standard. M-4 I gives the highest color intensity among 

formulation I paints while SDS-20 li gives the highest intensity among formulation II 

paints.

3.13.3 Stain resistance

Microemulsion based paint was tested for stain resistance with gilsonite solution as 

given in section 2.14.3. M-4 I has highest stain resistance compared to others of 

the same formulation i.e. formulation I. Standard II gives highest stain resistance 

compared to others of the same formulation.

3.13.3 Scrub resistance

The microemuision based paint was applied on black scrub panel and tested for 

scrub resistance as given in section 2.14.4. For M-2 ! and M-4 I (composition in 

Table 3.32) scrub resistance was over 25000 scrubs for formulation II. For SDS-20, 

it was too low for both the formulations (Table 3,33). SDS-20 I and II has high
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Table 3.33 : Characterization of the formulated paints using microemulsion 

M-4, M-2, SDS-20 and standard (emulsion).

M-4 M-2 SDS-20 Standard

Formulation 1 II 1 II I II 1 II

Scrub Resistance >27203 >10000 >25806 >10000 6 20 - -

Stain Resistance 10 8 9 9 8 7 7 10

Colour Intensity 111.05 83.12 97.41 94.41 62.94 116.76 100.00 100,00

Viscosity - 295 DOP - 327 DOP - 76 KU - 90 KU

DOP = Division of penetrometer 

KU = Krebs unit
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percentage of surfactant and hence acts as poor binder, The very high scrub 

resistance for M-2, I and I! and M-4, 1 and II indicates that with decrease in 

particle size (microemulsion), keeping surfactant concentration at optimum level, 

results in enhanced performance as binder.
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